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Introduction

® Hint of huge Lepton Flavor Violation in Higgs decay

(null hypothesis 2.40

[CMS, 1502.07400]
excluded)

B(h — Tp) = (0.847039) %

® C(learly beyond the SM (or SM with Dirac neutrinos)

® What kind of NP model could accommodate this result and be
consistent with numerous (negative) tests of LFV?

LFV process branching fraction
T Wy T3 < 107
[ —> ey ulN — eN < |03
J — ZZEJ < |O'5
h — T ~ | Q2
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Outline

Motivation:
® Find complementary LFV observables

® |dentify viable scenarios

|. Constraints on effective Higgs couplings

2. Effective theory approach

3. Extended scalar sector

4. Extended fermionic sector or loop-induced LFV

5. Summary and outlook
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|. Constraints on effective Higgs
couplings from h—=TU
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Effective Higgs couplings

® General parameterisation of the off-diagonal Yukawa couplings

L5 = —mibiyly b — vy (Gt ot A b o =4,
mh
Bl = 7i) = g (1o + e ) <

® Assuming New Physics only in h—'uT then CMS result gives

Bh = ) = (0.8473%) %1>

B(h—Tu) [%]

0.0\
0.000 0.001 0.002 0.003 0.004

(yopl* +ly e 192

0.0019(0.0008) < \/ Yr]? 4 |y,r |2 < 0.0032(0.0036) at 68% (95%) C.L
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Effective Higgs couplings

® Testing robustness of the lower bound of LFV Yukawas: allowing for non-
SM Higgs production rate and total decay width

Decay channel Production mode Signal strength Decay channel Production mode Signal strength

N. Kognik (UL, JSI)

CMS ATLAS
VH 1.0£05 h — bb VH 0.2 £ 0.65 T
h — bb VBF 0.7+1.4 ceF+tH 184065 Nh ~ o}, h—T1u
ttH 1.0 £2.0 h—2Z* — T T
VBF+VH —-0.2£3.7 h
ggF+ttH 0.76 £ 0.23
h—WW* ggF+ttH 0.82 £0.37
VBF+VH 0.74 +0.62 h— WW*
VBF+VH 1.74 +0.80
ggF+ttH 0.90 +£0.45
h— ZZ* ggF+ttH 1.61 +0.41
VBF+VH 1.7+£23 h — vy
VBF+VH 1.87 £0.80
ggF+ttH 0.50 +0.41
h— vy ggF+ttH 1.5+1.6
0-jet 0.34 + 1.09 VBF+VH 1.7+£0.84
1-jet 1.07 4 0.46 h — invisible VH 0.13+0.31
h—71T . .
2-jet (VBF—tag) 0.94 +0.41 h — Z’Y inclusive 2.01+4.6
VH-tag —0.33+1.02 h — pp inclusive 1.6 =4.2
0-jet 0.77 £ 0.55
B(h — ) (%] 1-jet 0.59 £+ 0.62
2-jet 1.1 +£0.80
h — invisible VBF+VH 0.14 +0.22
h — Z~v inclusive 0.0+4.8
h — pup inclusive 29+28
7
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Effective Higgs couplings

® Testing robustness of the lower bound of LFV Yukawas: allowing for non-
SM Higgs production rate and total decay width
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* Well known Higgs production
* Strong lower bound on [,

0.0017(0.0007) < \/ Yr]? + [y |2 < 0.0036(0.0047) at 68% (95%) C.L.

Robust lower bound on the LFV Yukawas
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2. Effective theory approach
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Effective Theory Framework

® |Integrate out heavy Higgses, fermions, scalars. Keep terms up to dim-6:

_ 1 _
Ly, = -\LiH, Ej — A;‘;‘ﬁ”ELiHan(HgH,Y) +h.c.

Multiple higgses H, = (b, v +zoh +...)"

v2 ~ 1?2 Z\xa|2~1/2

Dim-6 operator creates mismatch between mass and Yukawa matrices

2
% =V <>\%a + MeBy %vavﬁvv) 7

2
) e e, (24 e ) |V

vanishing in single

A~ 4 TeV 0.84% (W NERRRALE I VAPURERvALT. ) 1/4
Higgs scenarios — % 1€ B(h — 1) L Rlrp L Rlur
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Naturalness

® Naturalness criterium for effective Higgs couplings (to avoid cancellations
in the mass matrix)

< /mMmT | [Cheng,Sher, Phys.Rev. D35, 3484]
\/|ywyW| ~ N = 0.0018 [Branco et al,, Phys.Rept. 516, 1]

0005F o
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B(h—-tp)

10—2 L

10—4,

10—6 B

10—10 )

Tau LFV radiative decay

Constraint from T Yy

Eeff. = CLQL’y + CRQRfy + h.c.

Qrry = (e/8m)m. (0’ PprT)Fop.

(1 loop) 1 _1 l my,
L m}gly'rpy’r’r( 3 4 0g — ) )

(2—loop) 1

L™ o5 Gav)e

0.11 — 0. 082ytt) y

107 106 1073
B(r-uy)

[Harnik, Kopp, Zupan, JHEP 1303, 026]
[Goudelis, Lebedeyv, Park, Phys.Lett. B707, 369 ]
[Blankenburg, Ellis, Isidori, Phys.Lett. B712, 386]

Comparable |-loop and Barr-Zee contributions

TyT,u

>
> I /

' Y

,lu
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Additional LFV correlations

Suppose that hTe is nonzero.
§ = ey
Mf" T j?% (& ILLN % €N
h— Tu h — Te

B(u — ev) ~ 185 (|Yuryrel® + |yrpYer|?)

B(,LL - e)Au ~ 467 X 10_4 (’yeTy/M"Q _I— ’yTeyT,UJ‘Q)

B(u — ey)
10—13

B(h — 1p) x B(h = 7¢) = 7.95 x 10~ 1¢ [

] +3.15 x 1074 [B(N — 6)Au]

10—13
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[BaBar. PRL104, 021802 (2010)]

10—6 B

10-8}

SINDRUM lI, e conv. on Au
A< 7x1013 [Eur-Phys.]. C47, 337 (2006)]

« Projected Mu2e limit on He

1078
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107° 10~
B(h—7p)
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3. Two Higgs doublet mode (type lll)

N. Kosnik (UL, JSI) Charm ’15,WSU, Detroit, 5/19



Framework

HY H;I
H,; = ( d ) . H, = ( u ) [Crivellin et al, PRD,87,094031 (2013)]
H, H)
1
H) = 7 (HO sina + hY cos a4 i A” cos )
1
H) = ﬁ (HO cosa — hYsina 4 i A° sinﬁ)
5 physical scalars: ™ H' = H" cosf3
0 Mt
h, HY, H""A HS — H- Sinﬁ

2 2
v my +m
tan 3 = —, tan2a = tan?2p 54 ZZ :
Vd m45y — ms,

2 parameters: tan 3, ma

2 2 2 2 2 2 2
My+ = M4 T+ My My =My + My — My
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Flavor couplings

® Type-lll THDM: no restrictions on the Higgs couplings to fermions

® Tree-level Higgs couplings exhibit
B Charged and FCN currents in the quark sector (K, D, B meson mixing, rare decays)

m [epton Flavor Violation

® Decoupling limit of MSSM

® LFV parameters are €;
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h—TU

.
" Y Y Ef” (T1) (sin atan 8 + cos «)
- — — — o pr (Tp) = NG
2
L4
B(h — tu) = h (sinatan B + cos@)® (|eb, | + |€5,]?)
167'('Ph o TH
010 r r °r 1 & & &/ 11 T T R /-,. T
[ B(h—>1u)=0.84% R
L '.’ ,/
0.08} A o2m?
o I tanB=5,.+ " AB=30 1 sinatan 8 4 cos o ~ —=—~2
P - 0" /, l mA
< 0.06f s :
3 004 e ‘_ Effect decouples for large ma
= | Loe? -
0.02} e .
[ mN ]
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T / 1% H
¢ .
Y
tW,G
Y,z \H
\
- .
T Y7ru

N. Kognik (UL, JSI)

Tau LFV decays

HIS/, . M Al.oop ~ (LFV Yukawa) * (tiny LFC Yukawa)
T " T .
Yrr Yru

Dominant Barr-Zee contributions

ABarr-zee ~ (LFV Yukawa) * (loop suppression)

[Chang et al, PRD48,217(1993)]

*Missing contributions at 2-loops with H* mediator
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LFV correlations

[CMS ’14,ATLAS ‘1 5]

Works up to ma ~ 0.5 TeV

10—10 ‘

B(rt-uy)
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Two Higgs Doublet Model

Correlation with h— Te decay! _g [ —> ey
”f" T % e ulN — eN
h — T h — T1e

B(,u — 6’)/) ~ Bg_)e’y(tﬂ,mA) (‘EMT€T€‘2 =+ |€€7‘y7',u‘2) )

By — e)au ~ Bge(tﬁv ma) (|6676m‘2 T |€Te€w’2)

B(p — ev) B(p — €)au

BE—eY

B(h — ) x B(h — 1e) ~ =
(= ma) > B = 7€) ~ et ) T B (5 ma)
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B(h — 1€) < 6 x 107°

(taking central value for h—TH)

SINDRUM I, pe conv. on Au

< 7%x]|0!3 [Eur-Phys.J. C47, 337 (2006)]

and
MEG p—ey <57x%x]0'3 [PRLI10,201801 (2013)]

B(h—1u)
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4. Extended fermionic sector or loop-induced LFV
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Vector-like leptons

* Chiral leptons get additional Higgs couplings through mixing with VL leptons:

[Falkowski et al, JHEP1405, 092 (2014)]
¥ transforms as (1, 2)1/2 @ (1,2)_1/9

U¥ transforms as (1,1); @ (1,1)_,

— Ly = o UPH — )0 + A\g UFPH(1 + ~5)TL VL Yukawas

+ My (AEY® + N LYY + O 0" 0" + CrU”U%) + hec.
mixings mass terms of VL leptons

* Yukawas with chiral leptons are obtained when VL leptons are integrated out:

8v?

-1 NCT A Cr AeCT i A CR A

A single LFV Yukawa matrix: €

_'_ —
onhe-to-one correlation: B(h — T'u) — A B(h o7 )SM ~ 2 X 1()2

Bt — py) 3a B(r — piv)sm
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Vector-like leptons

B(h— 7pn) 4m B(h — 7777 )sm

= ~ 2 x 107
B(r — pvy) * 3a B(T — uvv)swm 8

0° 106 1072
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Scalar leptoquarks

~ top Yukawa * (LFV Yukawas)

~ portal coupling
Av h LQLQ

* Loop induced LFV

* Need top-quark mass chiral enhancemet:
= non-chiral LQ

= T— MY enhanced in the same way as h— T}

* A decouples the two observables
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Scalar leptoquarks

Ln, = yfjﬂigngl - (V(]]LKMyiLjVPMNS)JngjAl + yﬁﬂ}gf%jA1 +hec  AN(EREVE)

2
Ompm;

2 2 2
D(h— ) = o555 (}yfuyii! + |yieyi, ) (N, may)|” e )

3 2

am; — m;3

12 -4 4

B(r = wy) = h () (}yfuyﬁf T }yﬁyﬁ!Q)

2.0 (et
[ mp, =mp, =650 GeV, A =0
L A
1072 15F —== 1 ]
S
= - .
§ 105 : 1.0p CMS1o :
=
L 5 |
N 0.5F i
1078 Z
0.0- S
y 00 02 04 06 08 10 12 14
10° 2 ‘ ‘ ‘
107° 1074 0.001 0.010 0.100 1 (IyE, R 2 + [yE YR 212

(g, YR + Iy v D2 27
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Scalar leptoquarks

Portal coupling has an effect on h—YY and gg—h ! Ai(3,1,-1/3)
L'y F A2
FSMW 11-0. 025—d (ra § Qxil? 99 = |1+ 0.24—5 Na:C(ra)]?
h—~y~ UggF mA
2_| —r t+ 1 ‘1 ‘v v [ ‘1 Tt ‘v T ‘v Tt Tt T Tt T T 1
- Higgs data fit | |
1 =
= = A\ is bounded from above
£ of
N> L
('< -
-1}k i
Pink: A, y, only _
- Gray: All couplings -
_2_| P T S S T N S TR S SR S ST N
0.0 0.2 0.4 0.6 0.8 1.0
(yr YR P+yhye Y
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Scalar leptoquarks

_ J A2/3%* Ly/T _ 5/3
LA yzj Rd A, + (y VCKM)’LJ RULA N2(3,2,7/6)
+ (y VPMNS)z]uZRVLA 2/3 Yij Rf‘y A 5/3 + h.c
Oy m>
D(h = 1) = 5555190 (s mas) | (Wi |+ 1yrig ) oo ,
ams? m% 2 2 :
B(T — :uf)/) 212 4F hQ(QZt) (‘y y,ut‘ T ‘y yTt‘ )
y
2.0
[ ma, =mp, =650 GeV, 1 =0
L — A
1.5 === & .
Emo} CMS 10
Q
» ‘ | | | 00 02 04 06 08 10 12 14
0% 104 0001 0010 0100 1 (5L, YR 1+ [yE yR )12
(|)’m yt7'|2 +|yt7‘ ytul Sl 29
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Scalar leptoquarks

B(h—7u)

10—10 : . . ‘ | . ‘
10~ 10~8 107 1072
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Leptoquark and vector-like quark T

Add a vector like top-partner to either of the LQ scenarios

LS y?{éfLATR -+ y%fRAuL -+ $§3TLATR -+ afgiQTRA/LL + h.c.

T does not affect the h— T}, if the portal is turned off

Finely tune T and t contributions to cancel T Yy amplitudes

3
AEMTI
T |yssyss meha(mi/mA) + 55255 mohg(mi/mA)

2

B(r — py) =
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Leptoquark and vector-like quark T

Finely tune T and t contributions to achieve small T—= Ly

3
QEMM; L R« 2/ 2 L R+ 2 2 12
B(r — wy) = 194 1 ‘933932 miha(my /ma) + 233735 mThZ(mT/mA)‘
 Bhom=084% 20—
11 H)=Y .65 70 | [ mp, =mp, =650 GeV, 1 =0 1
mpa=650 GeV, mr=700 GeV, y43y55=0.8 R
15f === A
= 0.001} S
3 ~ I
0 = 10F cms1o
& !
Q & _
107 | 0.5
1079 ot O'%-o %OIGI 08 10 12 14
-10 -09 -08 -0.7 -06 -05 -04 -0.3 ' ' ' ' ' ' ' '
(v YR 1P+ lyf v D2

L
ng X33
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Summary and Outlook

* A positive signal of Br(h— uT) implies a robust lower bound on the LFV Higgs
couplings.

* This bound is robust even after allowing for deviations in other Higgs couplings

* Higgs-EFT framework: Belle Il should see T— Yy

* With future [e conversion measurements, Br(h— uT) Br(h—eT) < 107/

* In concrete models Br(T—MY) is more restrictive

% Extensions with vector like leptons or models with loop-induced h— UT (leptoquark)
imply a too large Br(T—JY), unless ad-hoc fine tuning is introduced (LQ + VL top)

% Two Higgs doublet model is testable by Br(T—pY) at Belle |l

% Two Higgs doublet model is further constrained by pie conversion.
Correlation Br(h—pT) Br(h—eT) < 10-'°(10-'2 with improved limits in pe sector)
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Thanks!
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Effective Higgs couplings

® General parameterisation of the off-diagonal Yukawa couplings

. . my;
LS = —mbi L — yiy (KZL@%) h+...+hec vy = 0~
Bh = 71) = —2 (lyr > + yr ) pM
= 2y + P = T5/[1 -~ B0 )

® Assuming New Physics only in h= T then CMS result gives

B(h — ) = (0.847932) %
vV

0.0019(0.0008) < \/ Yru|? 4 |yur |2 < 0.0032(0.0036) at 68% (95%) C.L.
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Effective Theory Framework

® |Integrate out heavy Higgses, fermions, scalars. Keep terms to dim-6

1
_ o af
Ly, = = 5 LiHoE; — X} ”FLH E;(H\H,)+h.c.

Multiple higgses H, = (b, v +zoh +...)"

Zv ~ v? Z\xa|2~1/2

(8%

Dim-6 operator creates mismatch between mass and Yukawa matrices

m 2 ;
=V <>\%a + XO‘MF%%%) Vi

2
Tq PN Y 4 PV ;
_——1>—|—)\/ vavavﬁ?M(_——F——Fq_} —1)]VR
Y

Ve Vo vg
Vo = Vo /U
vanishing in ingle 0.84% N11y/7)2 117,72 i
Higgs scenarios A4 TeV KB(h N Tm) (WL)‘ Valru + VLA VR‘mﬂ
36
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Tau LFV decays

Ht _i\ Ht Hy, ,—g\ Hy)
/// S // \\
T / 1% \\ H T / T \\ :u
é ® é P

Alloop ~ (LFV Yukawa) * (tiny LFC Yukawa)

! ABarr-zee ~ (LFV Yukawa) * (loop suppression)  [Changetal PRD48,217(1993)]
t,W,G
Y,z \H
\
- T Missing contributions at 2-loops with H* mediator

T UM is tree-level but less sensitive <

due to small muon Yukawa
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